Spatiotopic cues, :such as perceived distance, have little effect on accommodation unless blur has been reduced or eliminated. We investigated the effect of perceived distance on accommodation under binocular steady-.,~tate conditions, about which little is known. Blur was reduced but not eliminated by using a stimulus with a moderately low luminance. Accommodation was measured under two conditions: (1) when cues from perceived distance, blur, and convergence were aligned; and (2) when perceived distance was opposed by both blur and convergence. We found a significant difference in accommodation between the two conditions, which we attribute to perceived distance.
INTRODUCTION
Cognitive or higher order (spatiotopic) cues, such as perceived distance, have little impact on monocular steady-state accommodation when put into conflict with the retinotopic cue of blur (Alpern, 1958; Morgan, 1968; Hennessy, 1975) . Howe~cer, spatiotopic cues do affect monocular steady-state .accommodation when blur is eliminated, such as by increasing the depth of focus of the eye with a pinhole pupil (Rosenfield & Gilmartin 1990; Rosenfield, Ciuffreda & Hung, 1991) . The former (with-blur) condition is described as "closed loop", while the latter (without-blur) condition is referred to as "open loop" (Morgan, 1968) . tinder dynamic open loop conditions, spatiotopic cues have been shown to influence accommodation during monocular (Kruger & Pola, 1987) and binocular viewing (McLin, Schor & Kruger, 1988) .
Recently, the term "semiopen" loop has been introduced to describe an intermediate state in which the accommodative feedback loop is neither completely closed nor open (Kotulak, Morse & Wiley, 1994a, b) . Under semiopen loop conditions, the stimulus is partially degraded, such as through reduced contrast or luminance, without complete removal of blur. Kotulak et al. (1994a, b) found that under monocular semiopen loop conditions, a spatiotopic cue (known object distance) did affect accommodation, at least for some observers. The purpose of the present work was to assess the influence of perceived distance on steady-state accommodation under binocular semiopen loop conditions, which has not been previously investigated. The semiopen loop paradigm was selected because we were interested in natural viewing conditions and, in the light of previous work, it was felt that a closed loop approach would not be worth pursuing (Alpern, 1958; Morgan, 1968; Hennessy, 1975) .
To ascertain the effect of perceived distance on accommodation, we performed an experiment under two conditions. In the baseline case (Condition 1), there was minimal conflict between perceived distance, blur, and convergence. In Condition 2, perceived distance conflicted, not only with blur, but also with convergence, i.e. blur and convergence were in harmony with each other but both were opposed to perceived distance. It was important to control for the effect of convergence because of its well known influence on accommodation (Fincham & Walton, 1957; . All other things being equal, any change in accommodation between the two conditions must be due to the change in perceived distance. To create the semiopen loop condition we used a relatively low stimulus luminance. A control experiment was done to confirm that this reduced the effect of blur. (Tyler & Clarke, 1990) . The main differences between an autostereogram and a conventional random-dot stereogram are: (1) an autostereogram can readily elicit a stereoscopic depth percept without a separate apparatus; and (2) in an autostereogram, complete information for the two eyes is contained in a single printed sheet. The three-dimensional percept is visible only when stereoscopic fusion is obtained, just as in a conventional random-dot stereogram. Stereoscopic fusion occurs when the eyes are converged (or diverged) to a point not on the physical plane of the stereogram, which creates a depth plane in front of (or behind) the physical plane of the stereogram. When viewed without stereopsis, i.e. when the eyes are converged for the physical plane of the stereogram, only the various repeating patterns of random dots are perceived. Thus, when an autostereogram is viewed alternately with and without stereopsis, the perceived distance of the stimulus is varied without affecting its luminance, contrast, or spatial frequency spectrum, and without changing the dioptric stimulus to accommodation. Unfortunately, the change in perceived distance is contingent upon a change in convergence, which introduces a confounding variable. However, the confound can be overcome with prism of sufficient strength to restore convergence to the physical plane of the stereogram. When this happens, the perception of depth is lessened, but not eliminated.
Accommodation and convergence were measured with a dynamic infrared optometer (Cornsweet & Crane, 1970 ) and a dual-Purkinje-image infrared eyetracker (Crane & Steele, 1985) , respectively. A beamsplitter permitted the subjects to view the autostereogram while accommodation and convergence were recorded. A chin cup and forehead rest were used to minimize head movements.
Perceived distance was measured with a pointing device that could be slid along a calibrated track located just under the autostereogram (Foley & Held, 1972; Wallach, Frey & Bode, 1972; Fisher & Ciuffreda, 1988) . The pointing device and track were housed such that they could not be viewed by the subject.
Procedures
The stimulus to blur-driven accommodation was the autostereogram, and its distance from the subject's eyes was 25 cm for all conditions. At this distance, the -3 dB rolloff of the spatial frequency spectrum was at 5 c/deg, and the cutoff frequency was 11 c/deg. Luminance was 1 cd/m< Accommodation and convergence were measured for 10 sec/trial. Short trials were used to prevent adaptation effects (Wallach et al., 1972; Schor, Kotulak & Tsuetaki, 1986) . In addition, long intervals (5 min) were used between trials. Each trial yielded 200 data points since the analog signals from the optometer and eye tracker were digitized at 20 Hz. A trial mean was the average of these 200 points. Three trial means were averaged for each condition. Accommodation was measured in the left eye. To prevent optometer artifacts, the pupils of the subjects were dilated with two doses of 2.5% phenylephrine hydrochloride, administered at 5-min intervals, and consisting of one drop each.
Perceived distance was measured twice for each condition, and the two trials were averaged. The position of the pointer was set randomly by the investigator prior to each trial. The subject's task was to position a thimble in the exact location of the object of interest, using the pointing finger of the (unseen) dominant hand (Foley & Held, 1972; Wallach et al., 1972; Fisher & Ciuffreda, 1988) . Between trials, the subject was required to alternate fixation to various points around the room to avoid the effects of oculomotor adaptation on perception (Wallach et al., 1972) .
For ease of comparison, we expressed accommodation, convergence, and perceived distance in numerically equivalent units, which were calculated from the reciprocal of distance in meters. By convention, this unit is referred to as diopters (D) for accommodation or distance, and as meter angles (MA) for convergence. In this paper, all references to distance are in diopters (including those from other studies in which distance was measured on a linear scale).
Subjects
Eight volunteer subjects, who gave their written informed consent, were recruited for the study. The subjects, whose mean SD age was 25.3 + 3.2 yr, had unaided distance visual acuities of at least 20/20 in each eye and were free from eye disease and significant oculomotor dysfunction.
CONDITION 1: BASELINE Accommodation, convergence, and perceived distance were measured under conditions designed to minimize conflicts among the three.
Methods
The subject fixated the random dots on the stereogram without attempting to elicit the depth effect. Perceived distance was measured to the front surface of the stereogram.
Results and discussion
Mean_ SD accommodation, convergence, and perceived distance were 3.87 + 0.37 D, 3.90 __+ 0.39 MA, and 3.36_ 0.74D, respectively, for the target located at 25cm (4D or MA). Accommodation exhibited its characteristic steady-state error or lag (Kotulak & Schor, 1987) . Convergence also was slightly inaccurate; however, this was due mainly to a single subject who underconverged, possibly due to the wallpaper illusion (Brewster, 1844) . When this subject's data were removed, mean + SD convergence was 4.02 + 0.23 MA. The discrepancy between actual and perceived distance is typical. Foley and Held (1972) reported that subjects invariably underestimate (dioptric scale) distance with the measurement technique that was used in the present study.
CONDITION 2: CONFLICTING CUES Accommodation was raeasured while perceived distance conflicted with both blur and convergence. The latter two cues were in harmony with each other, but both were opposed to perceived distance.
Methods
To obtain stereopsis, the subjects converged for a point approximately twice the distance of the stereogram. Then, base-out prism was added on a trial-anderror basis until convergence approximated the amount measured under Condition 1 (+ 0.1 MA). The mean _ SD amount of prism was 15.1+ 1.6 AD (approx. 2.52 MA). The stereoscopic percept, obtained in this manner, appeared behind the plane of the stereogram. The fixation point was a mountain peak within the stereoscopic percept, which was a nature scene containing birds, mountains, trees, etc. The mountain peak also was the point from which perceived distance was measured. The change in accommodation between Conditions 1 and 2 varied considerably among subjects. This variation was not random, but was closely related to the analogous variation in perceived distance. Figure 2 shows that those subjects whose accommodation changed little between Conditions 1 and 2 were the ones whose perceived distance also changed little, and vice versa.
Results and discussion
Mean_+SD accommodation and perceived distance were 3.52 _+ 0.56 and 2.57 _ 0.44 D, respectively. Figure 1 shows how accommodation and perceived distance in the present condition varied with the analogous values in Condition 1. Perceived distance and accommodation were significantly less in Condition 2 than baseline as detenrtined by paired t-test [for perceived distance, t(7) =: 3.19, P < 0.02; for accommodation, t(7)= 2.62, P < 0.04]. Given that the stimulus to blur-driven accommodation and the degree of convergence were the sarae for Conditions 1 and 2, the difference in accommodation between the two probably is due to the difference in perceived distance. 
CONTROL EXPERIMENT
This experiment was done to determine if our luminance of I cd/m 2 was sufficiently low to create the semiopen loop condition that we desired. Previous research suggests that it was. Kotulak and Schor (1987) found that accommodation typically was more accurate at I0 than at 1 cd/m 2 for spatially bandpass filtered targets when the center spatial frequencies were between 3.2 and 12.8 c/deg. This spatial frequency range overlaps that of the autostereogram. In addition, Kotulak and Morse (1994) reported that there was significantly more accommodation at 10 than at 1 cd/m 2 when the eyepiece focus settings of an optical instrument were similar.
Methods
Our approach was to determine whether the accommodative stimulus-response functions were different above and below the luminance used in the main experiment (1 cd/m2). If so, this would demonstrate that accommodative accuracy was not optimal at 1 cd/m 2, i.e. that the loop was semiopen. To do so, we measured stimulus-response functions at 4 and 0.4cd/m 2. We recorded accommodation under binocular conditions to match the conditions of the main experiment. The accommodative stimulus values ranged from 0 to -1.5 D in 0.5 D steps. The visual stimuli were high contrast letters whose size approximated the resolution limit for the test luminance. Accommodation otherwise was measured as in the main experiment. Luminance and lens power were controlled by an optical device, known as a stimulus deflector, which attaches to the eyetracker (Crane & Clark, 1978) . 
Subjects
Sixteen volunteer subjects, who gave their written informed consent, were recruited for the study. The subjects, whose mean + SD age was 25.4 ___ 3.0 yr, had unaided distance visual acuities of at least 20/20 in each eye and were free from eye disease and significant oculomotor dysfunction.
Results and discussion
The accommodative stimulus-response functions for 0.4 and 4.0 cd/m z are displayed in Fig. 3 . The functions were significantly different between the two luminances by analysis of variance of regression coefficients [F(2,4) = 22.84, P < 0.007]. Since the slope was notably steeper (by a factor of 1.7) for the higher luminance, it confirms that at 1 cd/m 2 accommodative accuracy was not optimal. This is consistent with Kotulak and Schor (1987) and with Kotulak and Morse (1994) , and it provides evidence that the accommodative feedback loop was at least partially open during the main experiment.
GENERAL DISCUSSION
Accommodation was significantly less (P <0.04) during the conflicting-cue condition of the main experiment (Condition 2) than during baseline (Condition 1). Can we legitimately attribute this difference to the significant change in perceived distance (P < 0.02) that occurred between the two conditions? To do so, we must be sure that other factors which influence accommodation were sufficiently controlled. Heath (1956) classified the factors that have substantial effects on accommodation into four components: proximal or psychic, reflex, convergence, and tonic. Proximal or psychic accommodation is that aroused by spatiotopic cues, such as perceived distance. The latter was the independent variable of our main experiment, and was manipulated by viewing the autostereogram alternately with and without stereoscopic fusion. Reflex or blur-driven accommodation was determined by thc distance of the physical plane of the stereogram from the eyes, which was a constant 25 cm for both conditions. In addition, other factors that are known to affect reflex accommodation, such as luminance, spatial frequency, and contrast (Kotulak & Schor, 1987) did not vary between the two conditions. Equal convergence accommodation between the two conditions was achieved by the use of prism and was confirmed by direct measurement. Changes in tonic accommodation between conditions due to adaptation (Schor el al., 1986) were controlled by using short trials (10 sec), long intervals between trials (5 min), and by requiring the subjects to alternate fixation to various points around the room between trials (Wallach et al., 1972) . Since we controlled for all the known factors which could influence accommodation, we conclude that the change in accommodations across conditions was due to perceived distance.
Further evidence for this comes from Fig. 2 , which relates the change in accommodation between Conditions 1 and 2 for each subject to the analogous change in perceived distance. If the decrease in accommodation between Conditions 1 and 2 were due to some factor other than perceived distance, one would expect these accommodative changes to be poorly correlated with the corresponding changes in perceived distance. However, this is not the case. The changes in accommodation between Conditions 1 and 2 were not haphazard but were highly correlated with analogous changes in perceived distance (P < 0.004).
The x-axis values in Fig. 2 ranged from -0.17 to 1.19 D. For changes in perceived distance greater than our maximum, it is uncertain whether the correlation would persist. Based on the results of a monocular semiopen loop experiment, a saturation effect is likely to occur at higher levels of blur (Kotulak et al., 1994a, b) .
The effect of perceived distance on accommodation is mirrored by a reciprocal effect of accommodation on perceived distance, in which judgements of egocentric distance are biased by the amount of blur-driven accommodation (Fisher & Ciuffreda, 1988) . Thus, the relationship between accommodation and its spatiotopic cues appears to be similar to the relationship between accommodation and convergence (Fincham & Walton, 1957; . Fisher and Ciuffreda (1988) reported that, on average, a 1 D change in accommodation elicited a 0.27 D change in perceived distance. In the present study, a 1 D change in perceived distance elicited a 0.55 D change in accommodation. It is possible that this difference reflects an anisotrophy in the relationship between accommodation and perceived distance. Besides Fisher and Ciuffreda (1988) , there is additional evidence that the precision of accommodation as a rangefinder is limited (Richards & Miller, 1969; Kfinnapas, 1968; Crannel & Peters, 1970; Foley, 1977) . This could be due to the inherent inaccuracy of accommodation (i.e. its steady-state error), which increases under degraded stimulus conditions (Johnson, 1976; Kotulak & Schor, 1987) .
